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To be able to resolve gamma rays from high-spin states

in deep-inelastic reaction products one had to wait until the advent

of the efficient Compton-suppressed germanium arrays.

The Total Energy Suppression Shield Array (TESSA)

was developed by the University of Liverpool 

and Daresbury Laboratory; operational since 1983
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Measuring gamma rays from deep-inelastic reaction

products by using the thick-target technique



Discrete gamma-ray spectroscopy with

deep-inelastic heavy-ion collisions – thick target technique: 
60Ni(255 MeV)+92Mo
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Detailed product yield distribution measured by using the gamma-gamma 

concidence with thick-target for the system:
64Ni + 208Pb at 350 MeV
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Example of the construction of a level scheme

by using the g-g-g coincidence thick-target technique
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Example of the construction of a level scheme

by using the g-g-g coincidence thick-target technique
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Measuring gamma rays from deep-inelastic reaction

products by using magnetic spectrometers

coupled to germanium arrays
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Large-acceptance spectrometer VAMOS 

coupled to EXOGAM Ge array

(at present to AGATA) 

at GANIL, Caen (France)
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We have the method that enables the studies of  high-spin

structures in neutron-rich nuclei – it relies on using deep-inelastic

processes and two detection techniques:

a) thick-target technique with large germanium arrays

or

b) thin target  technique with magnetic spectrometers

coupled to germanium arrays.
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High-spin bands in 218,220,222Rn and 222,224,226Ra
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High-spin bands in 218,220,222Rn and 222,224,226Ra

investigated by employing deep-inelastic reactions and the  g-g-g coincidence

thick-target technique (with GAMMASPHERE at LBL)
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The neighborhood of doubly-magic 208Pb 

as a laboratory for studying shell model

effective nucleon-nucleon interactions
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Investigations in the region of doubly-magic 208Pb

by employing deep-inelastic reactions and the  g-g-g coincidence thick-

target technique (with GAMMASPHERE at ANL)
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Identification of high-spin structures in nuclei located

„south-west”of 208Pb from the g-g-g coincidence thick-

target experiments (GAMMASPHERE at ANL)
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Identification of high-spin structures in 

nuclei located „south-east”of 208Pb 

from the g-g-g coincidence thick-target 

experiments (GAMMASPHERE at ANL)
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High-spin structures SOUTH of doubly-magic 208Pb - comparison with 

shell-model calculations using

the realistic Vlow-k interaction (computer codes CENS and OXBASH).

208Pb

e
x
p

e
ri

m
e
n

t

th
e
o

ry

4 B. Szpak, R.V.F Janssens, B.F., 

(to be published)

208Pb



82

2

8

20

28

50

82

28
20

50

126

82

Neutron number N

P
ro

to
n

 n
u

m
b

e
r

Z



70Zn

68

28 36 3830 34 40

g9/2p1/2p3/2 f5/2

f7/2

p1/2

f5/2

p3/2

64Ni + 208Pb,238U

70Zn + 197Au,208Pb,238U

76Ge + 197Au,208Pb,238U

76

64

70

N/Z equilibration line

for 64Ni+238U

32

Ga

Zn

Ge

Ni

Cr

Fe

Ti

V

Mn

Co

Cu

As

Se

Br

Kr

Rb

?

Does there exist a sizable energy gap at N = 40 in neutron-rich nuclei?

?

N=40

shell gap

Z=28

42

44

46

GASP (thick target)

R. Broda et al., PRL 74, 868 (1995)

GAMMASPHERE (thick target)

N. Hotelink et al., PRC 74, 064313 (2006)

N. Hotelink et al., PRC 77, 044314 (2008)

I. Stefanescu et al., PRC C 79, 064302 (2009)

C.J. Chiara et al., PRC 82, 054313 (2010)

N. Hotelinket al., PRC 82, 044305 (2010)

C.J. Chiara et al., PRC 84, 037304 (2011)

C.J. Chiara et al., PRC 85, 024309 (2012)

C.J. Chiara et al., PRC 86, 041304 (2012)

S. Zhu et al., PRC 85, 034336 (2012)

C.J. Chiara et al., PRC C 86, 041304 (2012)

R. Broda at al., PRC 86, 064312 (2012)

65 66

62

67 68

60 64

70

76

65 67

61

71 73 75 77

74

62

72

71

72

65 67



70Zn

68

28 36 3830 34 40

g9/2p1/2p3/2 f5/2

f7/2

p1/2

f5/2

p3/2

64Ni + 208Pb,238U

70Zn + 197Au,208Pb,238U

76Ge + 197Au,208Pb,238U

76

64

70

N/Z equilibration line

for 64Ni+238U

32

Ga

Zn

Ge

Ni

Cr

Fe

Ti

V

Mn

Co

Cu

As

Se

Br

Kr

Rb

?

Does there exist a sizable energy gap at N = 40 in neutron-rich nuclei?

?

N=40

shell gap

Z=28

42

44

46

GASP (thick target)

R. Broda et al., PRL 74, 868 (1995)

CLARA(AGATA) + PRISMA (thin taget)

S. Lunardi et al., PRC 76, 034303 (2007)

J.J. Valiente-Dobon et al., PRC 78, (2008)

F. Recchia et al., PRC 85, 064305 (2012)

M. Doncel et al., APP B44, 505 (2013)

E. Sahin at al., PRC 91, 034302 (2015)

EXOGAM+VAMOS (thin taget)

J.Ljungvall et al., PRC 81, 061301 (2010)

A. Dijon et al., PRC 83, 064321 (2011)

I. Celikovic et al., APP B44, 375 (2013)

I. Celikovic et al., PRC 91, 044311 (2015)

GAMMASPHERE (thick target)

N. Hotelink et al., PRC 74, 064313 (2006)

N. Hotelink et al., PRC 77, 044314 (2008)

I. Stefanescu et al., PRC C 79, 064302 (2009)

C.J. Chiara et al., PRC 82, 054313 (2010)

N. Hotelinket al., PRC 82, 044305 (2010)

C.J. Chiara et al., PRC 84, 037304 (2011)

C.J. Chiara et al., PRC 85, 024309 (2012)

C.J. Chiara et al., PRC 86, 041304 (2012)

S. Zhu et al., PRC 85, 034336 (2012)

C.J. Chiara et al., PRC C 86, 041304 (2012)

R. Broda at al., PRC 86, 064312 (2012)

Isomer-scope – RIKEN  (thin taget)

T.Ishi et al., NIM A 395 (1997)

65 66

62

67 68

60 64

70

76

65 67

61

69

71 73 75 77

74

626059 63

72

71

72

63 65 67

65 666361

73

7169



28
36 3830 34 40

g9/2p1/2p3/2 f5/2

f7/2

p1/2

f5/2

p3/2

32

Ga

Zn

Ge

Ni

Cr

Fe

Ti

V

Mn

Co

Cu

As

Se

Br

Kr

Rb

42
44

46
48 50

70Zn

Conclusion: The sub-shell closure at N=40 occurs in

Ni nuclei, making the 68Ni nucleus „almost” doubly

magic.

This closure, however, is rather weak and restricted

to the close proximity of 68Ni.
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The latest development in the 68Ni yrast spectroscopy
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Gamma Arrays based on 

Position Sensitive Ge Detectors

AGATAGRETA
Magnetic spectrometers which

provide full isotopic identification of 

DIC products (PRISMA, VAMOS)

Gamma-ray spectroscopy of DIC 

products with radioactive beams



 Discrete in-beam gamma-ray spectroscopy with deep-inelastic reactions
turned out to be efficient in elucidating high-spin structures in neutron-rich
nuclei:

o high-spin bands in neutron-rich Rn and Ra nuclei

o identification of high-spin structures in nuclei around doubly-magic 208Pb –

those structures are well described by the shell-model calculations with the 

realistic nucleon-nucleon interaction derived from the free nucleon-nucleon

potential

o identification of the sub-shell gap at N=40 in Ni isotopes

o observation of the sub-shell closure at N=32

 Discrete in-beam gamma-ray spectroscopy of deep-inelastic reactions

products will greatly benefit from radioactive beams. Experiments using the 

radioactive beams and modern tracking germanium arrays should extend the 

investigations of high-spin structures toward the „terra incognita”.

Conclusions and Outlook



“Reflections” in Liverpool 

Echo and Narcissus

John William Waterhouse, 1903,
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Liverpool waterfront - a 

Unesco World Heritage site

Crosby beach, Liverpool

Reflections
on the atomic nucleus

Liverpool, 28-30 July 2015 



R. Broda, N. Cieplicka, W. Krolas, K.H. Maier, 
T. Pawlat, B. Szpak, J. Wrzesinski, B. Fornal IFJ PAN Krakow, Poland

R.V.F. Janssens, S. Zhu, M.P. Carpenter, 

D. Seweryniak et al. ANL Argonne, USA

P. A. Butler, J.F.C. Cocks, K.J. Cann, P.T. Greenlees
G.D. Jones Univ. of Liverpool

G. Dracoulis , G. Lane et al. ANU Canberra, Australia

P. Mantica, A. Gade, D.-C. Dinca, B.A. Brown et al. MSU East Lensing, USA

M. Honma University of Aizu, Japan

T. Otsuka University of Tokyo, Japan

GASP and PRISMA-CLARA group, 

Legnaro-Padova

Collaborators

Z. Podolyak, E. Wilson, P.H. Regan et al., University of Surrey, UK

D. Bazzacco, L. Corradi, G. de Angelis, E. Farnea,

A. Gadea, S. Lenzi, S.Lunardi, N. Marginean, 

R. Menegazzo, G. Montagnoli, F. Recchia, C. Rossi-

Alvarez, A. Stefanini,  S. Szilner,, J. J. Valiente-

Dobon, C. Ur et al.


